Abstract. In this work we report the properties and characteristics of a pitch carbon-coated lithium sulfide material. We show that this material behaves as a very promising electrode in liquid glyme-based and in solid poly(ethylene oxide) PEO-based electrolyte lithium cells. Particular relevant is the response obtained in the solid-state configuration where a capacity approaching the theoretical value of the full Li 2 S conversion process, i.e. 1200 mAh g 1 Li 2 S is obtained at a C/10 rate with no signature of ohmic polarization. The solid-state cell cycles at a C/3 rate with a stable capacity of 500 mAh g 1 Li 2 S , i.e., a value about three times higher than that offered by conventional intercalation lithium metal oxide electrodes. This unique performance makes the pitch carbon-coated lithium sulfide electrode a good candidate for the development of high energy density, lithium-metal free-sulfur superbatteries to be addressed to the electric vehicle market.
Introduction
Large attention is presently devoted to new types of high energy batteries due to their relevance as power sources for long range electric vehicles (1) . The lithium-sulfur is a good example of these "super batteries" since it can deliver an energy density much higher than that offered by the state of art, namely 2,600 Wh kg 1 and 2800 Wh l 1 versus the 450 Wh kg 1 and 650 Wh l 1 of the common C-LiCoO 2 lithium-ion systems (1) (2) (3) (4) (5) . The interest in the lithium-sulfur battery is further enforced by its intrinsic low cost deriving from the market price of sulfur that is much lower than that of cobalt.
In its most common configuration, the lithium-sulfur battery is formed by a lithium metal anode, a typical liquid organic carbonate electrolyte and a sulfur-carbon cathode. The overall reaction process is the conversion of sulfur in lithium sulfide via the series formation of intermediate polysulfides (4) . The system is not new and in fact its investigation dates back to late nineties (4); however, several issues have held back the implementation of the Li/S battery. These mainly include:
(i) high solubility of the reaction polysulfide products that results in an anode to cathode redox shuttle causing a loss of charge-discharge efficiency and a severe reduction of the cycle life;
(ii) the electrical insulating nature of sulfur and its expansion-contraction in the course of the charge-discharge process, affecting the reaction rate and the electrode mass integrity;
(iii) the well-known reactivity of the lithium metal electrode that may undergo dendrite shorting upon cycling with associated safety hazards.
These hurdles have for some time cooled down the interest in the lithium-sulfur battery. However, the attention in this system rose again in the latest years due to a series of important technological breakthroughs. Optimization in the fabrication of the cathode, passing from simple sulfurcarbon mixtures to sulfur-carbon composites, e.g. by immobilizing sulfur in carbon pores (6) , in microporous carbon spheres (7) or in hollow carbon spheres (8), or by developing polysulfide reservoirs based on porous silica embedded within the carbon-sulfur composite (9), proved to be successful approaches for improving the conductivity of the electrode, as well as for controlling the solubility of the discharge products.
These results consistently contributed to increase the interest in the lithium-sulfur battery; however, some residual issues still prevent the full practical implementation of this high energy battery system. Most of the recent works still rely on conventional liquid organic carbonate solution as the preferred electrolyte and on the use of lithium metal as the preferred anode material. Therefore, concern in the battery cycle life, due to the solubility of the reaction products, and in its safety, due to the reactivity of the anode, remains.
Recent work in our laboratory has shown that steps forward in Li-S battery performance may be achieved by moving from conventional liquid electrolytes to solid or gel-type electrolyte membranes of suitable composition, e.g., membranes formed by trapping a lithium conducting organic solution, added by a dispersed ceramic filler, in a poly(ethylene oxide)-lithium trifluoromethanesulfonate, PEO-LiCF 3 SO 3 matrix (10, 11) or by solvent-free, solidstate, lithium conducting membranes, such as those formed by poly(ethylene oxide), PEO-lithium salt complexes (12) .
Further progress has been achieved by changing the cathode from the common sulfur-carbon composite to a lithium sulfide-carbon composite: here the cathode becomes the lithium ion source allowing to replace the reactive lithium metal with any other, more reliable lithium-accepting material, thus obtaining a metal-free, lithium-ion sulfur battery. This concept was first demonstrated in our laboratory by using a tin-carbon anode (10) and further confirmed by other workers by using a silicon-carbon anode (13) .
However, although important progresses were obtained by the above discussed metal-free approach, the performance of the battery was still in part limited by the not yet optimized configuration of the lithium sulfide-carbon composite cathode: incomplete carbon coverage of the Li 2 S particles resulted in loss of active material and in rate limitation. In this paper we report a new formulation of a Li 2 S-C composite electrode prepared by low cost pitchcarbon coating. The electrode was tested in lithium semicells. The electrochemical characterization has been performed in two cell versions, one in the liquid state using an ethylene glyme-based electrolyte and the other in a solid state, using a poly(ethylene oxide) PEO-based electrolyte. We show that these pitch-coated Li 2 S electrodes have promising features and accordingly, that they may contribute to the advancement of lithium-sulfur battery technology.
Experimental Section
The carbon-coated Lithium Sulfide Electrode A low-cost pitch carbon that assumes the -bond sp3 character after carbonization (14) has been used as the carbon precursor for the synthesis of the C-Li 2 S composite. A 1.2 g of dried Pitch and 0.4 g of lithium sulfide (Li 2 S, Aldrich, 99%) were mixed in 10 mL of N-methyl-2-pyrrolidone (NMP, DAEJUNG, 99.5%) at 150 ı C until complete removal of the solvent. Then the mixture was annealed at 750 ı C for 7 h under argon atmosphere.
The Liquid TEGDME-based Electrolyte
The liquid electrolyte was prepared by dissolving lithium trifluoromethan sulfonate (LiCF 3 SO 3 , Aldrich, 99.995%) salt in tetraethyleneglicole dimethylether (TEGDME, Aldrich, 99%) with a molar ratio of 1 W 4, respectively, in argon-filled glove box. The electrolyte has been following shortened as TEGDME 4 LiCF 3 SO 3 .
The Solid PEO-based Electrolyte
The solid electrolyte was prepared by a hot pressing method previously reported (15) . In synthesis, dry and sieved polyethylene oxide (PEO, Aldrich, Mw: 600,000), lithium trifluoromethan sulfonate (LiCF 3 SO 3 , Aldrich, 99.995%) lithium sulfide (Li 2 S, Aldrich, 99%) and zirconium oxide (ZrO 2 , nanosize, 99.99% Aldrich) were mixed by ball milling at 70 rpm at least 24 h. Then, the mixture was hot pressed at 90 ı C for 1 h. The EO:LiCF 3 SO 3 :Li 2 S molar ratio was 20 W 1 W 1, respectively, while the ZrO 2 weight ratio was 10% of the PEO/LiCF 3 SO 3 /Li 2 S mixture overall weight. The electrolyte has been following shortened as PEO 20 LiCF 3 SO 3 Li 2 S-ZrO 2 .
The Electrochemical Measurements
For its electrochemical characterization, the C-Li 2 S composite was prepared in the form of a thin electrode by mixing it with the acethylene black (conducting agent) and polyethylene oxide (Aldrich, Mw W 600;000, binder) in a weight ratio of 6 W 2 W 2. After mixing in acetonytrile, the slurry was coated on Al foil to a thickness of approximately 40 µm. The electrode was dried at 80 ı C for 12 h and roll-pressed The electrochemical measurements were conducted using R2032 coin-type cells with lithium metal anode as counter electrode and, only for the liquid electrolyte, a porous polyethylene separator. The galvanostatic tests were performed using a TOSCAT-3100 instrument and a Maccor S-4000 system for the cells using the liquid and the solid electrolyte, respectively. The electrochemical impedance spectroscopy for the electrolyte conductivity measurement and the linear scan voltammetry for the electrochemical stability window evaluation were performed using a VMP3 instrument. Figure 1 shows the X-Ray Diffraction XRD (a) and the Scanning Electron Microscopy SEM (b), (c) of the pitchcoated lithium sulfide material. The XRD patterns demonstrate the well defined crystalline structure of the Li 2 S (JCPDS #772145) obtained by annealing at 750 ı C the pristine Li 2 S precursor coated with pitch, see experimental section. The SEM images evidence the micrometric size of the composite (b) and the uniform distribution of the active material powder on the top of the electrode (c). Elemental analysis of the final C-Li 2 S product indicated a lithium sulfide content of about 30% w:w and energy dispersive spectroscopy (EDX) showed its uniform distribution in the carbon matrix (data not reported).
Results and Discussion
The electrolytes used in this work, i.e., the liquid TEGDME 4 LiCF 3 SO 3 and the solid PEO 20 LiCF 3 SO 3 Li 2 SZrO 2 , have been characterized by determining the lithium ion conductivity and the electrochemical stability window. Figure 2 shows the Arrhenius conductivity plots of the solid (left) and the liquid (right) electrolyte. As expected, the conductivity of the solid electrolyte assumes values useful for lithium battery application, i.e higher than 10 4 S cm 2 , only at temperatures above 70 ı C. The liquid electrolyte is obviously to be preferred in those cases where a wider range of application is desired. The related Arrhenius plot of Figure 2 shows in fact that the conductivity of the liquid electrolyte remains in the range of battery utilization over the entire temperature range here examined Figure 3 shows a sweep voltammetry scan performed in two electrochemical cells based on super P carbon as the working electrode and lithium as the counter electrode and varying by the type of electrolyte, i.e., the liquid TEGDME 4 LiCF 3 SO 3 electrolyte (room temperature, Figure 3 (Figure 3 (a) ) and up to 1.3 V vs. Li for the solid electrolyte cell (Figure 3 (b) ). At the lower voltages i.e., extending to 0 V vs. Li, a sequence of reduction peaks are revealed. Likely, these peaks may be associated to a series of processes occurring at the carbon working electrode, involving: i) electrolyte decomposition with surface formation of a Solid Electrolyte Interface, SEI film;
ii) bulk lithium insertion and iii) lithium metal deposition (16) .
The electrochemical characterization of the pitchcarbon-coated Li 2 S electrode was carried out by galvanostatically cycling lithium semi-cells at suitable temperatures, i.e. at 30 ı C for the cell using the TEGDME 4 LiCF 3 SO 3 liquid electrolyte and at 80 ı C for the cell using the PEO 20 LiCF 3 SO 3 Li 2 S-ZrO 2 solid electrolyte (compare Figure 2) . Figure 4 shows the voltage profiles (a) and the cycling behavior (b) of the lithium cell using the liquid electrolyte. The test was run at 200 mA g cess (4) . We attribute the first charge polarization to a not totally optimized morphology of the electrode with an associated not uniform particle distribution that results in an initial high resistivity. The following cycling quickly reduces these negative effects thus improving the conductivity of the electrode and ultimately, the cycling performance. Indeed, a very stable capacity of about 300 mAh g 1 Li 2 S is obtained following the first few cycles, see Figure 4 (b). Figure 5 shows the response of the chargedischarge galvanostatic test of the lithium cell using the PEO 20 LiCF 3 SO 3 Li 2 S-ZrO 2 solid electrolyte performed at 80 ı C, at 120 mA g 1 Li 2 S (C/10) in the first cycle and at 400 mA g 1 Li 2 S (C/3) in the following cycles. A capacity approaching the theoretical value of the full Li 2 S conversion process, i.e. 1200 mAh g 1 Li 2 S is obtained at C/10 rate with no signature of ohmic polarization ( Figure 5 (a) ). As expected, by increasing the rate to a 400 mA g 1 Li 2 S (C/3) the capacity drops to a 500 mAh g 1 Li 2 S . This is however, still a very valid value since about three times higher than that offered by conventional intercalation lithium metal oxide electrodes (2) . To be noticed from Figure 5 (b) that the Li 2 S-C electrode maintain a stable capacity output for many cycles.
Conclusion
In this work we demonstrate that pitch-carbon-coated lithium sulfide, Li 2 S-C, behaves as a promising electrode in conjunction with either a glyme-based liquid or a PEO- based solid electrolyte. We show that the electrode delivers a high, stable capacity in both liquid and solid cell configurations. The solid cell shows higher capacity and lower ohmic polarization. We explain these differences by assuming that the electrode kinetics improve by increasing the temperature of operation. Therefore, the results here reported suggest that the Li 2 S-C electrode may be particularly suitable for the development of solid-state, Li-S batteries. An apparent issue is that these batteries have to operate around 70 C-90 C. i.e. in the temperature range where the conductivity of the solid-state membranes reaches useful value, see Figure 2 . However, this cannot in effect be a dramatic penalty if the electrolyte is used for batteries addressed to the electric vehicle area, where high temperature operation can be tolerated or even, be welcomed. In addition, we are confident that by further improving the preparation of the electrode, we may improve its morphol- The specific capacity is shown in terms of Li 2 S active material mass ogy reaching a better particle distribution so that to make its performance in the liquid electrolyte comparable with those presently obtained in the high temperature, solidstate cell configuration. We also foresee that the optimized Li 2 S-C electrode may be profitably used as a cathode in lithium,metal free-sulfur batteries.
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